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SUMMARY

t,. Recorded simulation control scheme described in this report is an

inexpensive and accurate way of providing realistic inputs to a vehicle being

shake tested in the laboratory. The scheme involves simulating operation

of the vehicle on the specified terrain to generate axle displacement records,

storing the records in memory of a control system, and using them to pro-

vide continuous input signals to the vehicle shaker during testing,

The computer simulation deveL:Nped for the scheme incorporates a

terrain-tire-vehicle model, with the option to include any one of the four

previously developed tire models; point contract model, rigid tread band

model, fixed footprint model and adaptive footprint model. Developed

separately from the tire models, the vehicle mudel considers a three axle

military type truck which is of interest to TARADCOM. Comparinv the

analytical results generated by the terrain-tire-vehicle model with those

obtained in field tests demonstrate* the ability of the model to simulate the

vehicle motion, particularly when employing the adaptive footprint or the

fixed footprint models.

The control system developed for storing the axle displacement

records and playing them back incorporates a minicomputer, disc memory,

input-output peripherals and digital to analog converters. In an illustrative

example described in the report, the control system is shown to supply

real-time synchronized shaker input signals front the digital displacement

records.

Finally the complete scheme is verified by comparing the power

spectral densities of the inputs to the vehicle generated by the scheme with

those obtained from field tests on the vehicle.

This report includes details of the model and the control system.

Nowever, instructions for using the control system and the computer pro-

gram are available in a separate document, titled "Recorded Simulation

Control Scheme - User's Manual".

ix



1. INTRODUCTION AND OBJECTIVE

In recent years, laboratory vibration testing of vehicles has been

widely used to help assess structural reliability. In military service, where

the dynamic loads are generally higher, vibration testing has become a par-

ticularly important tool for reliability evaluation, and has been used with

advantage to assess structural integrity, identify critical stress points, and

evaluate design improvements (reference I)*. The basic test procedure con-

sists of shaking a loaded vehicle with hydraulic actuators programn-ied to

simulate typical field service conditions, and monitoring the stresses and

deflections of the vehicle structure. A sketch of the shaker facility at the

U. S. Army Tank-Automotive Research and Development Command

(TARADCOM) is shown in Figure 1. The vehicle is excited by vibratory

inputs applied to the wheel spindles, as shown. Because the wheels and tires
are removed from the vehicle prior to shake testing, the input excitation sig-

Snals must correspond, not to the terrain profile, but to the wheel spindle

motions occuring in field use. There are two basic ways in which these sig-

nals are obtained; either directly from field measurements, or from dynamic

computer simulations of an analytical terrain-tire-vehicle model. Where

reliable field data are readily available, the former method can be followed.

In many situations, however, such data are not easily obtained, and the latter

method must then be used.

There are many ways of implementing the computer controlled shake

testing (i. e., using dynamic simulation of the terrain-tire-vehicle model).
One such way, recorded simulation control scheme, is described in the

report. In this scheme, the vehicle simulation program is used to create axle

displacement records which are stored in digital form on a convenient medium,

such as a magnetic disc**. The records are then converted to analog input

signals and fed repeatedly to the vehicle shaker.

*References are listed at the end of the report.

**An intermediate medium, such as paper tape may also be used, before
storing the data on magnetic disc.
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Before describing the recorded simulation control scheme, the imple-

mAentation options available to operate a vehicle shaker are discussed and

advantages of the selected scheme are identified.

1. 1 Implementation Option:s

There are several ways in which the shake tests can be carried out,
depending on the method by which the shaker input signals are obtained. In

identifying and evaluating the various implementation options for the shaker

input, the dominant consideration is that of field correlation, i. e., the reli-

ability with which the input excitation can simulate field service. Other con-
siderations however are also important, and these include such factors as

hardware and software requirements, system complexity, operating conven-

ience, etc. The principal implementation schemes that have been or can be

used to control the shaker are summarized in Table 1. They are described

in further detail and evaluated below.

1. 1. 1 Direct Field Data Control

This is perhaps the simplest of all the schemes, and does not
require any analytical modelling or computation. It consists of recording

unsprung mass acceleration (with hub-mounted accelerometers) during

vehicle field trials, and then passing the signals through a double integrator
to obtain the unsprung mass motion (axle motion) signals that control the

shaker. The principal advantage of this method in that it is based on field 4

data with a minimum o" signal processing, so that good correlation with field
use can be expected. However, there are two drawbacks to this method

which are common to all schemes using vehicle field trial data. These are:

a. Field trial data are needed for every vehicle type, speed, load,

an• t.•e pressure of interest.

b., Nemw cuneopts and components, including the effects of design

par antr changes cannot be conveniently investigated.

3
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IiI
Nevertheless, this method will be attractive for use in situations where test

data is already available, or where limited testing of one or two vehicle

types. is contemplated.

I
1, 1. 2 Synthesized Field Data Control

This method consists of synthesliing the shaker signals such that

they correspond statistically to the field trial data. It is best used when the

statistical characteristics (PSI), etc. ) of the field data are already available;

otherwise an initial step of statistical processing la required. The basic

method of signal synthesis consists of feeding white noise into a filter, to that

the output signal, though random, has the PSD specified by the filter*. The

filter characteristics are chosen so that the output PSDs correspond to those I
obtained from field trials. For statistically independent signals, this proce-

dure is relatively straightforward. However, for statistically dependent

signals, additional complications are introduced since a greater number of

filters it required. This is one of the main difficulties with this method for

multi-signal outputs, either a relatively large number of filters must be

used, or statistical dependence (phase relationships) between the various

signal pairs cannot be assured. For signal pairs whose statistical dependence

is known to be weak, the number of filters can be minimized by considering

the signals independent. However, since the degree of dependence changes

with the terrain and vehicle characteristics, speed, load, etc., significant

statistical analysis will be needed to identify, for each case, the outputs that

can be synthesized independently.

This implementation scheme is attractive for use primarily in

situations where a relatively small number of signals are to be syntLaliiu'. d,

and where thu statistical charactfristics of field trial data are readily avail-

able. It will also be attractive lor usoe when existing hardware is suitable.

*The filters and noise sources can be implemented with analog hardware or
with digital software, as shown in Table 1.



1. 1. 3 Direct Simulation Control

Direct simulation control is a method by which the shaker is

controlled on-line by a computer. It is a scheme which requires no field

trial data, but generates the input signals by means of a dynamic terrain-

tire-vehicle simulation. Its implementation is relatively straightforward,

but it requires use of an adequate on-line computer during the entire shake

test. For facilities with access to an on-line computer, this method can be

ii very attractive because of its simplicity of implementation. Where an ade-

quate on-line simulation cannot be conveniently performed, a modified

scheme which retains the basic simplicity can be used. This scheme is

described in the following section.

1. 1. 4 Recorded Simulation Control

This scheme carries out the dynamic vehicle simulation similar

to the direct simulation control method, but records the output on a multi-

track data recorder (e. g., on magnetic disc or tape). The records are then

played back to control the shaker. Thus by using the recorder, the need for

an on-line computer is eliminated. This improvement makes the recorded

simulation control scheme particularly attractive for use. The hardware

requirements are modest, since the simulation can now be carried out at a

batch processing facility. Field trial data is not needed, and a variety of

vehicles, types and loading conditions can be conveniently tested using the

simnulaition. No statistical processing is required, and since the shaker sig-

nals are generated directly by a time simulation, the statistical dependence

of all the signals will be preserved. For the above reasons, the recorded

simulation control scheme is well suited to situations where different types

of vehicles (including, specifically, multi-axle vehicles) have to be tested

under various load and speed conditions, and where parameter and component

changes, including new concepts, are to be evaluated.

H
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I. I. 5 Synthesiwed Simulation Control

The synthesized simulation control scheme is essentially simi-

lar to the synthesized field data control scheme discussed earlier; the only
difference being that the statistical characteristics of wheel motion are

obtained by analytical simulation rather than from field trial data. The basic

method of synthesizing the signal by feeding white noise through a filter

remains unchanged. As before, hardware requirements (filters and noise

generators, or a hybrid computer) can be high if statistical dependence is to

be preserved. Although field trial data will not be needed, significant com-

putation and/or statistical processing may be required, particularly for

multi-aile vehicles. However, the convenience of "hardwired" electronics

or computer software* make it particularly attractive for long-term testing

of a limited number of vehicle types and load conditions.

1. 1. 6 System Evaluation

Evaluation and selection of recommended schemes for implemen-

tation of TARADCOM must be based on a number of factors, including:

es The ability of the scheme to test vehicles for which field trial data

is unavailable.

Is The capability of evaluating a variety of vehicle types, including

specifically multi-axle trucks with a relatively large number of

wheel excitation inputs.

* The hardware and software requirements, and their availability

at TARADCOM.

4 System complexity, ease of implementation, operating convenience,

etc.

*The noisej generator and filter system where modeling changes are made by
adjusting dial settings or by changing coefficients in a digital computer
program,

7I
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The first two schemes (direct field data control and synthesized
field data control) described in the previous section require vehicle field

trial data, and their use at TAR.ADCOM depends upon the availability of such

data. The third scheme (direct simulation control), while straightforward

in implementation, requires an adequate on-line analog (or hybrid) corn-

puter - the availability of which will be a primary factor in deciding upon

the use of this scheme at TARADCOM. The fifth scheme, the synthesised

simulation control scheme, has the advantage of not requiring test data, and

will be convenient to use for long-term testing of a limited number of vehicle

"types. Hoowever. for multi-axle trucks, implementation will be relatively

complex and hardware requirements may be high.

The recorded simulation control scheme has many desirable

characteristics which make it well suited for implementation. It does not

require field trial data. Computation requiremenat are minimized. since

no statistical data processing is necessary. The dynamic vehicle simulation

can be carried out off-line at a batch-processing facility, elimirating the

need for an on-line computer. The system can conveniently generate multiple

signal outputs and. unlike signal synthesis schemes, no special precautions

are necessary to preserve the phase relationships of the various wheel exci-

tation inputs. The hardware requirements needed to implement the scheme

are modest - the only major item required being a multi-track data storage

and retrieval system. Therefore, this scheme is selected for implementa-

tion and the reat of the report deals with the details of the scheme in terms

of the dynamic vehicle simulation program and a digital controller which

perform@ the data storage and retrieval functions.

1. 2 The Recorded Simulation Control Scheme

There are several ways of implementing the recorded simulation con-

trol schemne, with the same basic approach of recording the computer
generated axle displacement signals and playing them back at the time of

shake test. The implementation scheme selected in this effort is shown in

Figure Z.

8
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As shown in the figure, the axle motion records are generated by a

dynamic vehicle simulation computer program. Data necessary to execute

the program include%

a. Vehicle data (mass, CC location. wheel base, etc.)

b. Operation data (terrain profile and speed of operation).

The axle displacement records generated by the simulation are stored

on paper tapes and transferred to magnetic disc of a digital controller

through adequate software. The data stored on the magnetic disc are re-

trieved at the time of running the shake Lest and the digital signals are

converted to analog signals using a bank of digital-to-analog signal converters.

The analog signals are then fed to the shaker through appropriate filters and

amplifiers.

The record stored on the disc typically lasts less thaw a minuto in

real-time: therefore, the process is repeated until the testing is completed.

Also, the simulation program is executed each time the vehicle test

parameters (terrain profile, speed, load) are changed, and the axle displace-

ment records on the disc are updated to show the change3.

1.3 Objective and Organimation of the Report

Objective of the report is to introduce the recorded simnulation control

scheme, describe it and demonstrate its effectiveness through an illustrative

examplu. The report describes the scheme in terms of its two steps: (a) gen-

erating axle displacement records using the vehicle simulation program, and

(b) obtaining input signals for the vehicle shaker from the axle displacement

records. The vehicle simulation progranx incorporates a terrain.tire-vehicle

model developed in Chapter Z. There are three components in this model:

terrain, tire and vehicle. The terrain model generates a terrain profile from

information on its spectral density. The vehicle model developed in this

report allows simulation of vehicles similar to the 5-ton M-809 cargo truck.

Tire represents an interface between the two models and it is modelled in

four different ways (see reference 2):

a. Point contact model

b. Rigid tread band model

10
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c. Fixed footprint model

d. Adaptive footprint model.

Each component of the overall terrain-tire-vehicle model is developed

separately so that it can be used independently in different applications.

Chapter 2 also discussed results obtained from a typical simulation

run using a computer program* incorporating the model developed. The !

simulation results are then compared with corresponding experimental

results to formulate guidelines for selecting a tire model and verify the I

overall model.

The controller needed to store aud retrieve the axle displacement

records generated by the vehicle simulation is described in Chapter 3. The

necessary hardware components and their functions are discussed along with

key steps in operation of the controller. Details of the controller operation

are, however, not discussed because they are available in the User's Manual

(reference 4). I
Chapter 4 deals with verification of the complete recorded simulation

control scheme through comparison of the spectral densities of tho axle

displacement signal with those obtained from field data. Finally, conclusions

and recommendations are discussed in Chapters I and 6.

*The computer program itself is described in a separate document
(reference 4).



Z. SIMULATION

Development of a reliable model ior simulating the vehicle performance
was initiated In the first phase of the project (reference Z). It was realised

early in the effort that a good model of tire is necessary for accurate per-

formance prediction and therefore in the first phase four different tire models

were developed. These models were incorporated in a sinple two degree of

freedom model and initial simulation results were obtained to provide insight

into tire model behavior.

These tire models are now incorporated in a six degree of freedom

vehicle model which can simulate the heave-pitch motion of a three axle mili-

tary typo truck. The vehicle has been selected so that the results obtained

from the simulation can be compared with the available experimental results.

Also, the input signals generated by the scheme can then directly be used to

test similar vehicles on the six actuator shaker available at TARADCOM.

Because of the non-generallaed nature of the vehicle model. modifications

are necessary for testing other types of vehicles using the scheme described

in the report. However, thv terrain and the tire models are developed Io

that they can be used independently in any application.

The simulation results described in the report are obtained using a

computer program which incorporates the model, Details of the computer

program are available in the User's Manual (reference 4) and therefore are

not repeated here.

Z. I Model Develo1nunt

The tire, vehicle and terrain models are summarised in the sections

that follow. AdditA.onal details, including equations, for the tire and vehicle

models are presented in the Appendices,

V1



Z. 1.1 The Tire Model

Four basic tire modelm were forniulated in Phase I, ranging in

mophistication from the simple point contact model to the more advanced

adaptive footprint model. These models were developed so that the most

economical tire simulation can be selected for the task at hand. The models

are sunmarised in Table Z and described briefly below. Further details

can be found in reference 2..

1. 1. 1 Thu Point Contact Tire Model

The point contact model is represented by a parallel

spring-dashpot combination that transmits the support force from the terrain

to the vehicle and contacts the ground through a point follower. The spring

stiffness is chosen to simulate the effects of inflation pressure and carcass

elasticity. The damping provides the energy dissipation caused by carcass

deformations. Terrain contact occurs at a single point vertically beneath

the wheel center. Dynamic support forces occur due to deflection of the

spring and dashpot caused by mnotion of the wh~el spindle relative to the

terrain. Fore-and-aft forces are obtained from this model by asauning that

the resultant tire forco is always normal to the local terrain surface, When-

ever the profile surface is inclined to the horizontal, a fore-and-aft force is

generated which is related to the vertical force through the tangent of the

local surface angle. The tire mass is concentrated at the wheel center, and
the terrain follow-or is free to leave the ground to whmulate wheel h~op.

2. 1. 1. Z Tread Hand Tire Model

The rigid tread band tire model is similar to the

point contact model, except that the terrain contact point is not constrainod

to lie vertically beneath the wheel ceater but is free to move forward or aft

depending on the local preile slope. This model is equivalent to a point

contact tire with the terrain contact point located at the .enter of a rigid

rolling wheel or circular tread band, In this case, the wheel center sees a

motion that is in general different from the terrain profile, due to filtering
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effects of the rolling wheel. On rough ground, the filtering causes a high

attenuation of profile irregularities. For gradual changes in profile eleva-

tion, filtering becomes insignificant, and the two models give equivalent

results.

As with the point contact model, thmi support force is

transmitted to the vehicle through the parallel spring-dashpot combination

that slmulates the inflation pressure and carcass forces. Fore-and-aft

forces are obtained by assuming that the total tire force always acts normal

to the terrain at the contact point. The tire mass is conctntrated at the

wheel center, and the tread band is free to leave the ground to simulate

wheel- hop.

2.1.1.3 Fixed Footprint Tire Model

The fixed footprint tire nmodel interacts with the tar-

rain through a footprint of constant vise, independent of the tire deflection,

Inflation pressure and carcass forces are simulated by the spring and damper

elements distributed uniformly over the contact length. The finite footprint

area provides this model with the ability to envelop small irregularities
through local deformation* within the footprint. In fact. * this muodel Is

equivalent to a point contact model in which the local terrain elevation is

replaced by the average terrain elevation taken across the footprint length.

Like the rigid tread band model, the fixed footprint model also filters the
terrain profile, except that the filter characteristics are governed by the

footprint length rather than the tire radius. Unlike the rigid tread band model,

however, the footprint center is constrained to lie vertically below the wheel

center, independent of the local profile slope.

The fore-and-aft tire force is obtained by assuming

that the footprint force acts perpendicular to the local profile and the foot-

print is free to leave the ground to simulate wheel-hop.

"*With linear stiffneis and damping.

15 -



Z. 1. 1.4 Adaptive Footprint Tire Model

The adaptive footprint tire model consists of a flexible

tread band inflated by internal pressure and linked to the wheel center by

angularly distributed stiffness and danmping which simulate carcass and tread

stiffness. As the wheel passes over terrain irregularities, the tread in the

footprint region deforms, and gives rise to the pneumatic and carcass corn-

ponents of tire force. The former is given by the inflation pressure acting

over the contact area. The latter is found from the resultant of the spring

and damping forces in the footprint. In general, the resultant tire force will

not be vertical because of the existence of a non-planar footprint, and the

calculation of the appropriate components will allow determination of the

vertical and fore-and-aft tire force.

Like the fixed footprint model, this model has the

ability to envelop small irregularities through local deformations within the

footprint. However. the key feature of this model is that the footprint size

and orientation relative to the wheel center changes depending on the tire

deflection and terrain profile. As with the other models, the tire mass is

concentrated at the wheel center and the tire is free, to leave the ground to

simulate wheel hop.

2. 1.2 The Vehicle Model

The vehicle model has been formulated to allow simulation of a

variety of trucks of interest to the military. The baseline vehicle which

guided simulation development and was used to validate the model was the

M-809 5 ton, three axle, 6 x 6 cargo truck. This vehicle was selected both

because field trial data were available, and because the basic vehicle con-

figuration is representative of a variety of multi-axle military trucks.

A sketch of the vehicle is shown in Figure 3a. The front wheels

are attached to the frame through a semi-eliptical leaf spring and dashpot

suspension. The rear suspension (Figure 3b) consists of a pivoted leaf spring

assembly (bogie) attached to the chassis through a central shaft (pivot) and

connected at tle spring ends to the middle and rear wheel spindles. Bounce

"16
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motion of the rear wheels thus results in two types of suspension motion:

flexure of the leaf spring, and rotation of the bogie about the pivot. For

symmetrical vibration - i. e., when the rear wheel pair vibrate in phase -

the spring is flexed without bogie rotation. For antitsymmetrical vibration -

i. e., when the rear wheel pair vibrate out of phase - the bogie rotates without

spring flexure. In the real came, when the vehicle is going over a bumpy road,

both symmetrical and antisymmetrical components will exist, and spring

flexure and bogie rotation will occur simultaneously. However, excessive

jounce motion of the rear wheels is prevented by stops attached to the main

frame.

The analytical model for the truck is shown in Figure 3c. The

vehicle body is represented by a rigid beam of mass Mh and rotational inertia

1h. The unsprung mass of the front, middle and rear wheels (MZ, M 3 , M4 )
consists of the effective mass of the tire(s) and the mass of the wheel(s),

suspension and other components that move with the wheel. The vertical tire

force acts directly on the unsprung mass. The fore-and-aft tire force is

transmitted to the vehicle body through suspension elements not shown in the

figure. The front suspension leaf spring is modelled as a linear spring (K?)

with a hardening characteristic for large motions (elastic stops), as shown

in Figure 4a. When the spring excursion exceeds the jounce or rebound

clearance, its stiffness increases by a factor of n (typically, n = 10) due to

stop contact. Dry friction damping (B2 f) is also included in the leaf spring

model, as shown in Figure 4b. The dry friction force has a -ralue of 5 per-

cent of the instantaneous spring force (before stop contact), and opposes the

velocity. The front shock absorber is modelled as a dashpot with damping

coefficient B in jounce and B32vr in rebound, as shown in Figure 4c. The

rear suspension bogie assembly is modelled as a rigid beam (mass Mb,

rotational inertia 1b) pivoted at the center, with two springs (K3 ) attached

to the extremities. The beam i •presents the kinematic configuration and

rotational inertia of the bogie during antisymmetrical wheel vibration (I. e.,

for bogie rotation). The spring elements (K 3 ) represent each half of the

rear leaf spring. As with the front spring, the rear spring is also modelled

as a linear spring with elastic stops and dry friction damping (Figur'es 4a

and 4b). No viscous damping is included in the rear suspension model,

because of the absence of a shock absorber. Frame muunted stops which

prevent excessive rear wheel jounce, and tire stops that limit the maximum

tire deflection are also included in the model. The force-deflection

characteristics of these elements are shown in Figure S.
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The vehicle model described above has been developed primar-

ily for the initial bounce-pitch simulations needed to verify the tire models

and carry out the demonstration shake tests. Subsequently, the rall mode

can be included by providing separate left and right wheel inputs and including

vehicle body roll inertia.

2. 1. 3 The Terrain Model

The terrain model developed for the simulation consists of a

series of profile elevation coordinates whosie values are determined statis-

tically, and can represent several types of unimproved roads of varying

degrees of roughness (reference 2). This terrain model has been chosen

primarily to make the verification runs of the vehicle simulation program,

and for the initial shake tests. Subsequently, the analytically obtained ter-

rain coordinates can be replaced conveniently with real terrain data.

A 500 foot length of profile has been generated and used for the

model validation runs. An rms roughness of 1 inch was chosen for the simu-

lated profile. so that its power spectral density (PSD) generally agrees with

Aberdeen Proving Grounds test track data (reference 3), for which the M-809

truck trial results were available. The statistical terrain characteristics

are summarized in Table 3. The PSD of the profile is shown in Figure 6.

As shown in the figure, the PSD is plotted as a function of a

reduced frequency $ (2 XI/), where X is the wavelength of the irregularity

component. This frequency can be converted to frequency in Hz by multiplying

by V/2Ti. Corresponding PSD is obtained by multiplying the PSD shown by 27r/V.

The straight line on the figure represents the analytically ipecified
PSI). The points were found by computing the PSD from the actual elevation
coordinates. The low frequency scatter is due in part to the reduced number of

complete cycles available for calculating the mean square values, and can be

reduced by increasing the profile length. The dynamic simulation results and

experimental comparison are presented in the sections that follows.
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Table 3. Statistical Terrain Characteristics

rm. Roughness, yrme 1 inch

PSD Relationship, sy ()

Amplitude Probability Distribution Gaussian

Upper Cutoff Wavelength, X1  57 feet

Lower Cutoff Wavelength, X 0. 177 feet

Vehicle Speed, V IS mph

Excitation Frequency Range 0.46 - 150 Us

2. Z Simulation Results

The terrain, tire and vehicle models described previously were inte-

grated into a dynamic bounce-pitch simulation suitable for obtaining the

shaker input signals. Three programs have been developed: program GRND
which generates the terrain profile, program TIRE which determines the

vehicle motion time history, and program SPEC which computes the PSDs of

vehicle motion. These programs, and their method of use, is described in
detail in a separate document (reference 4), A test case simulation using

these programs was carried out to verify the models and provide the neces-

sary data for the initial demonstration shake tests. The simulations were
carried out for an M-809 truck moving at 18 mph over a 500 foot long track

of I inch rms roughness. The parameters of the tire and the vehicle u3ed for
the simulation are summarized in Table 4. Table 5 shows additional tire

parameters which are required for the more sophisticated tire models.

A short extract of the time history of tire force obtained with each of

the tire models is shown in Figure 7. Examination of the force response of
the point contact tire shows that it is significantly higher than that of the
other models, and has a greater high frequency content. Another character-
istic seen from the time simulation is that wheel hop (zero tire force) is

important. In the 10 foot section of record shown, the poinit contact model
spends almost 60 percent of the time out of ground contact. The other two

L.I zz
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models (rigid tread band and fixed footprint) also show wheel hop, although
in decreasing amounts. Although the adaptive footprint simulation is free of

wheel hop for the 10 foot section shown, the wheel hop condition is closely

approached on two occasions. The reason for the reduction in wheel hop with

the more advanced models is that they filter the short wavelength irregulari-

ties, and hence attenuate the high frequency excitation which causes wheel
hop. The filtered ground profiles for the rigid tread band and fixed footprint

tire models are shown in Figure 8 along with the actual profile for compari-
son. The reduction in high frequency content, especially for the fixed foot-

print model is readily apparent.

Table 4. Summary of Vehicle Parameters

Vehicle Type - M-809, 5 ton, 6 x 6 cargo truck
Tire - Goodyear 11.00-18, Military NDCC

Vehicle Body Parameters Symbol Value Unit

Mass of Hull Mh 718.6 Slugs

Mass of Bogie Mb 6.0 Slugs

Front Unsprung Mass (each side) M2  40.6 Slugs

Middle Unsprung Mass (each side) M 42. 1 Slus
3

Rear Unsprung Mass (each side) M4  43.6 Slugs

Pitch Inertia of Hull (about cg) 34924 Slug ft2

Pitch Inertia of Bogle (about pivot) L3 0 Slug' ft2

Front Suspensior to Hull CC Length I 12.5 ft

Bogle Pivot to lull CG Length L 3  2. 4 ft
Hull CG Height Go 0 ft

Offset, Bogie Pivot to Hull Plans 834 0 ft

Offset, Bogle Pivot to Bogle CG So 0 ft

Bogle Pivot to Front Stop Length Sig Z. a At

Bogie Pivot to Rear Stop Length Sbo 2. 2 ft

HaLf Bogie Lentth a 2.2 ft
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Table 4. Summary of Vehicle Parameters (Cont)

Vehicle Body Parameters (Coat) Symbol Value Unit

Stop L~ngth 0. Z5 ft

Stop Clearance (Unloaded) Sta 0.39 t

Suspension Parameters Symbol Value UAlt

Front Sua"nsiotg (eahj

Stiffness NZ Z9976 lb/ft

Viscous Damping Coefficient (Jounce) szvJ 185 lb. sec/ft

Viscous Damping Coefficient (Rebound) B2vr 600 lb- sec/it

Jounce Travel (Unloaded) J0. 5 ft

Rebound Travel (Unloaded) Rb 0. 5 ft

Dry Friction Coefficient Bu *

Middle and Rear Suspension Leach)

Stiffness a3 87000 lb/ft

Jounce Travel (Unloaded) Jn3  0.7 it

Rebound Travel (Unloaded) Rb 3  0.7 ft

Dry Friction Coefficient B

Tire Parameters Symbol Value Unit

Stiffness k 39000 lb/it

Damping b 31 lb" sec/ft

Radius r 1.67 it

Contact Length L 1.03 ft

ELfective Width B 0.52 ft

Inflation Pres sure Pi 30 psi

Tire Deflection Limit TI 0.4 ft

*Selected such that the dry friction damping force is equal to 5 percent of
the spring force, with direction oppoxing the velocity.
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Additional conclusions regarding the tire models can be drawn

from the PSDs of the time functions. The PSDs of tire force are shown

,! in Figures 9 and 10. Figure 9 shows the PSD of vertical tire force

I obtained with each tire model. There are three distinct peaks that can

be observed. The first peak, at about 0.5 rad/ft corresponds to the

vehicle body bounce/pitch natural frequency.* The second peak, occur-

ing at about 1 .5 rad/ft, corresponds to the bogie pitch natural frequency

caused by antisymmetric (out-of-phase) vibration of the two rear axles.

"The third peak, occuring at about 2.5 rad/ft, corresponds to the conven-

tional unsprung mass natural frequency.

As an initial check of the program formulation, the above natural

mods frequencies have been compared with those found from a simplified

approximate analysis. The approximate expressions for natural frequency

(wn) are obtained by choosing the appropriate stiffness (K) and inertia (M)

and then determining wn Xf/M-as follows.

Body Bounce, %b

/ •2k41(3k •.\/z

KZ~k 3___k
Body Pitch, W1 __I_ + ; _ L23  h()

Bogie Pitch, 
(O 

%- 2k/ (3)

*Since body bounce and pitch natural frequencies for the M809 truck are

very close together, two separate peaks are not always observed.
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Front Wheel Bounce, W' 4(t+k)/M2 (4)' ~nbf •

I'K+Z)M be,;
Rear Wheel Boun.ce, ý(nb = /-4 (5)

These expressions, evaluated from Table 4, are summarized in

Table 6. As can be seen, the simulation results are in close agreement
with the approximate analysis, which serves as an initila.check of the

program formulation.

The simulation results (Figures 9 and 10) show that the simpler

tire models generally overestimate the transmitted tire force. Although

at low frequencies all models give similar results, the differences

become apparent in the middle and upper frequency ranges of interest.

For instance, point contact mnodel predictions at the higher frequencies

can be up to an order of magnitude greater than those of the more

advanced models. The rigid tread band model also gives generally

"higher force estimates, specially for the fore-and-aft force. The fixed

footprint and adaptive footprint simulations, however, are in good agree-

ment with each other, and give the lowest force predictions, because of

their ability to envelop small irregularities through loczl footprint

deformations.

Similar conclusions regarding the various tire models can be

reached by examining the other simulation results (CG acceleration,

wheel acceleration, etc.). These results confirm that the adaptive foot-

print and fixed footprint tire models agree closely, and predict Lower

accelerations than the rigid tread band and point contact models. For

reference, all the principal simulation results are presented in Appendix C.

2. 3 Simulation Verification

The basic objective in develoying the present terrain-tire-vehicle

simulation is to provide a means of generating realistic shake test input

signals. Therefore, before carrying out the tests, it is necessary to

verify the model oredictions with field trial data so that the shake test

31



Table 6. Comparison of Simulation Results %,ath
Approximate A alysis

Natural Frequency (Hz)

Natural Mode Bounce-Pitch
Computer Approximate
Simulation Analysis

Body Pitch, wnp 2.2 2.1

Body Bounce, wnb 2.2 a. 6

Bogie Pitch, wn 6.7 6.8
aip

Front Wheel Bounce, w nbf 6.7 6.6

Rear Wheel Bounce, w'0br 11 10

results can be accepted with confidence. This verification has been carried

out using data obtained with the M-809 truck during field trials at the Aber-

deen Proving Grounds (reference 3). The unsprung mass (rear wheels)

acceleration has been chosen for comparison, since it is directly related to
the wheel motions from which the shaker signals are derived.

The results showing the PSD of this parameter for the point contact,
fixed footprint and adaptive footprint tire models are shown in Figure 11
along with the experimentally determined PSD. As can be seen, the point

contact model significantly overestimates the acceleration over the entire
frequency range. The adaptive footprint model, howover, shows much

better agreement, and in the middle and high frequency bands - of particular

importance to fatigue simulation in the shake tests - the simulation data
closely follow the experimental remults. The fixed footprint model also
shows good agreement with field data, although at the natural frequency
peak, it somewhat overestimates the force. The rigid tread band model,
though providing better predictions than the point contact model, tends to

4 overeXstiate the force in the middle and upper frequency range, as shown
iii Appendix C.
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These reiults confirm the initial conclusions of the first phase of this

effort, namely, tiLat the adaptive footprint tire model has superior capabili-

ties for predicting the transmitted t~re forces, and can be used with advan-

tage for vehicle simulation and shake testing. The results also confirm that

the fixed footprint tire model - though predicting slijhtly higher forces in the

middle frequency band - provides a viable alternative for simulations in which

computation requirements are to be minimized. *

I t

*As explained in Appendix A, the fixed footprint model (with linear stiffness
and damping) is equivalent to a point contact model moving over a filtered
profile. Profile filtering can thus be carried out off-line, and the dynamic
mirnulations can then proceed using the simple relationships of the point
contact model.
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I
3. CONTROL SYSTEM

The recorded simulation control scheme has been described in terms

of two steps. The first step, obtaining axle displacement records from a

vehicle simulation program. was described in the last chapter. This chapter

describes how the axle displacement records are used to produce input

signals for the vehicle shaker.

There are several subtasks involved in performing the second step.

The tasks of reading the aWle displacement recordo, storing them in an

easily retrievable form and supplying them to the shaker at a correct rate

demand a sophisticated control system. The control system used in this

effort is described in the following pages. Detailed procedures for operatiug

the control system, however, are not described in this rep rt since they aro

best discussed in the User's Manual (reference 4).

3.1 System Requirements

To be suitable for the application, the control system must meet

several requirements. The controller must be able to synchronise the

shaker input signals to real-time, otherwise, the vehicle will not experience

the inputs in the same time frame as it does in the field use. To be able to

supply the data in real-time, the axle displacement records must have a time
scale stored along with the displacement values and a clock should interface

with the controller to ensure that the displacement values are transferred at

the stored time values. For this application, a high frequency clock should

be used so that the accuracy of the stored time data is preserved.

The data transfer rate requirement is closely coupled to the previous

requirement, because the real-time capability can be achieved only if the

transfer rate is adequate. Data transfer rate depends on time step between

the two consecutive displacement values, which in turn is derived from the

maximum frequency content the signal should have. The time step, which

is fixed while running the vehicle simulation to create the axle displacement

records, should be such that the displacement signal up to 100 Ha can be

reconstructed from the digital records. This requires that a time step of

Lv



about 5 milliseconds should be used*. The displacement data at this time

stop are stored in 16 bit format and supplied to three channels (front, middle

"and rear axle), giving a system requirement for a minimum data transfer

rate of about 9600 bits per second (Baud). If the upper limit on the frequency

V content of the input signal is increased or if the data is stored in 32 bit

floating point format instead of 16 bit format, the transfer rate will be higher

than 9600 bits per second.

The control system should have a capability of repeating the axle dia-

placement records during the test. Computing and storage requirements

generally limit the rervord length to less than a minute** (it is 18 seconds

for the example used in the report). At the end of the record. the system

should be able to start from the beinning without a significant loss of time.

The next requirement to be met by the control system is adequate data

storage. For the 18 second record used in the illustrative example, a 150

thousand, 16 bit work, storage medium is needed to include axle displacement

information along with the corresponding time reference.

The final requirement for the control system is a provision for con-

verting the stored digital data to analog input signals for the shaker. Digital

to analog converters with bipolar (signed) outputs and at least 11 bit (0. 05

percent) accuracy would be adequate. The digital to analog conversion rate

should also be high enough to meet the required data transmismion rate.

The requirements outlined above eliminate from consideration the use

of magnetic tape or core memory of a digital computer, because the magnetic

tape cannot be rewound fast enough to meet the requirement for repeating the

record, and the core memory of a computer generally does not have a large

enough capacity to store the data.

*The smallest frequency that can be discriminated from a digital record
with time step T is about 1/2T Hz.

**The length of the record should be such that the spectral content of the
profile is preserved. See reference 2 for detail.,
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The requirements, then, are beat met by a digital or hybrid computer I
with a magnetic disc storage unit. The data handling and timing capabilities

S&a digital com puter are ideal for the storage and transm ission of a large

volume of data as required by this system. A minicomputer, with adequate

core memory to run the control software, interfaced with a disc storage unit,

a digital clock, and a bank of digital to analog converters constitutes the con-

troller, the actual hardware of which is described in the next section.

3.2 System Description

The control system selected for implementing the recorded simulation

control scheme is an EAI (Electronic Associates, Inc.) 590 hybrid computer

system shown schematically in Figure 12.

As shown in the figure, the central part of the system is a Pacer 100

minicomputer with a 16K. 16 bit word, core memory. The digital computer

is connected through a hybrid interface to an EAI 580 analog computer which

incorporates the digital to analog converters (D/A), analog to digital con-

verters (A/D), sense and control lines, and a 1 MHz digital clock timer. The

digital computer is also connected to a Z. Z million word (16 bit) disc storage

unit through a direct memory access channel (DMAC). Input-output to the

control system is achieved through a high speed paper tape reader/punch, a

teletype and a line printer. Specifications of these hardware components are

summarized in Table 7.

The above system meets the requirements outlined in the previous

section quite well. The clock has an effective frequency of 42 KHs (aftoer

taking into account 24 Asec required by the read and set subroutines con-

trolling the clock), which is adequate for synchroniuing time of the input

signal to about 0. 5 percent of the corresponding value. The D/A converters

have a setup and transfer time of 252 Asec for the three channels, therefore,

the maximum transmission rate is close to 4 MsH. which is about ten times

faster than required. The reset time for the system after reaching the end

of the record to about 0. 25 second, which is considered adequate. Data

storage capacity of the disc is 2. 2 million words as compared to the required

capacity of 150 thousand words.
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Table 7. Control System Hardware

PACER1 100 Computing System A
* 16, 384 16-bit words of core memory

* Hardware multiply divide
* Priority interrupt system

* Memory protect system

* Power fail/auto restart system

s Five universal controller positions

* 1 Microsecond memory cycle

Direct Memory Access Channel (DMAC)

0 Provides for I/O concurrent with computation on cycle
stealing basis

* I Million words/second

Interval Timer/Real Time Clock

* Provides a high resolution 16 bit real-time clock

0 Timer update signal source for four PACER interval
timers

Disc Cartridge Controller and One Dual Disk Drive on DMAC

" Provides 1. 1 million words of storage on one fixed platter

"* Provides 1. 1 million words of storage on one removable
platter

Hybrid Device Interface 693

* Parallel processor control

* Logical control, sensing and interrupts

* Coefficient device setting

* Data monitoring/display

* Eight channels D/A multiplication (15 bit)

* 15 Channels A/D conversion (13 bit)

Input/Output Devices

* High speed paper tape reader, 300 characters/sec.

0 High speed paper tape punch, 120 characters/sec.

0 Teletypewriter station (console device), ASR 33

* Line printer, 80 column

o CPU control front panel
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Table 7. Control System Hardware (Cent)

Software Systems

0 MHDOS. moving head disc operating system

* FORTRAN IV compiler
* Assembler

* BTE, basic text editor

* CIG, core image generator

a HOI, hybrid operations interpreter

* COP, control options processor

* FIU, file interactive utility

* RTL, run time librarly

• HLR, hybrid linkage routines

* Applications software packages

Thus the control system meets all the requirements for the recorded

control scheme application. The data transfer rate and the storage capacity

are significantly more than those presently required. But, then , room Is

available for expansion if higher frequency input signals or longer record

lengths are required.

3. 3 System Operation

The control system reads and stores the axle displacement records

generated by the vehicle simulation program. The records are transferred

to a buffer and converted to time synchronized analog shaker input signals

during a vehicle test. This simple description of the system operation is

illustrated by Figure 13. The operation described in the figure requires

several steps by the user, such as loading the program into memory, open-

ing and positioning the data file, and initiating execution. A complete descrip-

tion of the operation it presented in the User's Manual (reference 4) and

therefore not repeated here. An outline of the operation is, however, shown

in Figure 14 and described below.
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The operation is initiated by transferring the axle displacement data
from the paper tape in blocks of ten time steps to 88 woi•d records on disc.

This form•t of storing data results in the highest rate of data transfer,

The execution begins by tetting the control pointers, initializing pro-

gram parameters and activating the hybrid interface. The clock is reset and
a data block containing ten time steps is transferred from the disc to a buffer

in core memory. The clock time is then compared with the stored time
value. If the clock time is lesv than the stored time, the system waits unti

it becomes equal and then transfers the data in the D/A buffer to D/A output,

At the end of each block of ten time steps, more data is retrieved from the
disc to reside in the buffer,

At the end of each block, the system checks for the end of the axle
displacement record. If end of the record is reached, the disc is rewound,

the clock regisiter in reset and the process is repeated.

3.4 •ystoni Vtrification

uerformanco of tho control system in generating shaker input signals

from axle diiplacentent rocords is demonstrated by Figures 15, 16, and 17.

In these figure*, the plots of the three axle displacement records obtained

from the vehicle simulation t compared with the outputs of the respective

3D/A channels. For a coriversion factor of 10 volts equals I foot, the plots

are identical in each case, thereby verifying the system performance.
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e h i 4. VERIFICATION

One of the dominant considerations in evaluating merits of a method for

testing vehicles in laboratory is correlation of the inputs to the vehicle Sen-

srated by the test method with those experienced in field environment.

Translated to the present application, this means that the axle displacement

inputs produced by the recorded simulation control scheme should match the

axle displacements experienced by the vehicle for similar conditions in the

field environment.

In cast of random signals, as those being considered, correlation is

best expwomsed by similarity of the spectral densities. Earlier in the report

the spectral densities of the rear axle acceleration, generated by the vehicle

simulation program employing various tire models, were compared with the

corresponding data obtained in the field test. The axle displacement spectral

densities for the same test are now compared to determine if the vehicle

experiences similar inputs during both the shake test and field test.

In monitoring the vehicle response during the field test, accelerometers

were used to measure axle acceleration spectral densities. Theme data have

to be converted to axle displacement spectral densities before they can be

compared with the corresponding input signals generated by the control sys-

tern. Also, the measured spectral densities have to be plotted against the

reduced frequency (a), and not frequency in hertz, because that is the scale

used in the analytical results. Theme transformations are achieved through

the following equations.

(f))s

Saccln in accln in
ft/secZ g

S n (f) V
accln accln Z
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~Saccln~n 0

dispIn W4

where

S= frequency in Hz

W frequency in rad/sec

11• = reduced frequency in rad/ft

V C vehicle velocity in ft/sec
g = acceleration due to gravity

S = spectral density

The spectral densities of the front, middle and rear axle

thus obtained from the field data are then plotted along with the corresponding
spectral densities of the axle displacement records produced by the recorded

simulation control scheme, as shown in Figures 18, 19 and ZO. The figures

show that the spectral densities of the axle displacements obtained from the

field tests are in good agreement with those generated by the control scheme.

Just as discussed in Section Z, employing adaptive footprint model and fixed

footprint model generally result in more accurate representation of the field

environment than that obtained using point contact or the rigid tread band

model.

For all three axle displacements, the agreement amongst the models

and the field data is poorest in the low frequency range. In that range, the

spectral densities are calculated based on only a small nurmber of complete

cycles. Therefore, there is a scatter in the model predictions. If the profile
length is increased, the scatter will reduce and the models will agree better

with the test data.

For the front axle displacement results, the adaptive tire model is able

to duplicate the field test data quite accurately up to about ZO Iz, At higher

frequencies the field data has higher power content than that predicted

analytically. This in partially due to noise in the signal recording system.
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In Figure 19, the advantages of employing either the fixed footprint

model or the adaptive footprint model become more apparent. Using the se

models produces axle displacement signals which duplicate the field axle

displacements quite accurately, whereas using the point contact model over-

ostimateS the spectral density by a factor of 103 in the 10-30 Ha range.

Similar conclusions can be drawn from the results shown in Figure Z0. (A

splke in the field data signal in this case at about 60 Ila may be due to the

Snoise in the spectral density generating system.)

A generally good agreement between the analytical and the field test

results, shown in the figures, proves that the scheme is able to provide the

vehicle with realistic inputs. Thus, the scheme meets its devehpment
objective.

'IIiI
I.
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5. CONCLUSIONS

The recorded simulation control scheme is developed to provide a

method of testing vehicles in laboratory without requiring field data. For a

particular vehicle, the icheme involves simulating vehicle operation over a

terrain of interest at a given speed. The simulation generates records of

axle displacements which can be played back to provide the vehicle shakers

with realistic inputs. Of the two steps involved in the recorded simulation

control scheme, the first step, i.e. producing axle displacement records,

uses a terrain-tire-vehicle computer program. The second step is per.

formed by a control system which stores the axle displacement records and

converts them to time-synchronized analog signals during a shake test.

The vehicle simulation program incorporates four different models of

tires. Applicability of these tire models is explored by comparing the simu-

lation results with those obtained during field testing of an M-809 cargo

truck. The comparison shows that the adaptive footprint model provides,

j superior tire force predictions, due to its ability to envelop ground irregu-
S larities through local footprint deformationu. Vehicle simulations ubing the

adaptive footprint model are well able to predict the principal ,atural fre-

quencies of vehicle vibration, and the simulated response agrees closely with
field trial data, particularly in the middle and upper frequency range. Since

many shake tout failures are caused by high-frequency streas reverval

(fatigue), the adaptive footprint model is particularly well-muitud for atmu-

lating fatigue failures in the laboratory.

The fixed footprint model, while not as advanced as the adaptive foot-
print model, also provides improved force predictions. Since this model

can be simulated by an equivalent point contact model in series with a filter

(see Appendix A), it will be a viable alternative for simulations in which the

Hcomputational requirements are to be minimized. The simpler tire models
(i. e., the point contact and rigid tread hand models) generally ovcrestimate

the tire forces, particularly at high frequencies (i. e., typically in the 5-50

liz region), and their use will be governed by this limitation.
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The control system performs its function adequately. The system is
able to store the axle displacement records obtained from the vehicle simu-

lation program on a magnetic disc and, at the time of shake test, produces

continuous analog input signals by repeating the limited length records.

These analog signals are synchronised perfectly to the real time and there

is no detectable difference between the analog output and the digital input to

the control system.

The axle displacement signals obtained are compared to the

corresponding signals recorded in a field test. Both signals show similar

spectral densities, thereby proving that the recorded sinaulation scheme Is

able to provide adequate control to the vehicle shaker,
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I
6. RECOMMENDATIONS

I
The recorded simulation control acheme described in this report can

be used in many ways to improve performance of vehicles. The scheme can

be employed, for example, to carry out a study of fatigue failures of vehicle

components by shake testing the vehicle for extensive periods of time. The

tests can be repeated for different terrains and speeds and, from the test

results, modifications to prevent such failures can be suggested. I
A study to select optimum tires for a particular application can be

performed using the control scheme. In such a study, data for candidate

tires can be obtained from manufacturers and performance of the vehicle

incorporating those tires can be determined using the vehicle simulation

programs and the shake test facility. A comparison criteria, such as the

maximum speed at which the driver motion becomes unacceptably large,

can evaluate performance of various tires and the optimum tire can be

selected.

The recorded simulation control scheme can also be used to carry out

a parametric analysis of vehicles. Effects of changing various parameters,

such as the suspension spring rates, damping coefficients, center of gravity

location, etc., on vehicle performance can be predicted by the computer

simulation program and verified by the shake test facility. Such a parametric

analysis can be helpful in designing new vehicles or modifying the existing

ones.

The recorded simulation scheme itself can be modified to expand its

capabilities. For example, the core memory incorporated in the present

control system, which is sufficient to perform record storing and input

signal supplying steps of the scheme, can be increased, so that the vehi,,le

simulation program can be executed on the control system and the inter-

mediate step of preparing axle displacement records on paper-tapes (or

some such medium) can be eliminated. The control system can also be
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modified to record outputs of various transducers monitoring performance

of the vehicle. These records can then be processed to obtain statistical

information, such as spectral densities and cross-correlation of the variables

describing vehicle performance.

The vehicle simulation program can be expanded to include roal motion

of the vehicle. Also, the fore-and-aft forces generated by the simulation can

be used in vehicle tooting if the vehicle shaker is suitably modified.

A final suggestion for future work is to develop synthesized simulation

control (described in Chapter 1) because this scheme eliminates the task of

storing the axle displacement records. Also, by using random signal

generators, biases which are present in the stored records are removed.

However. developing such a scheme rrmay need significant software and/or

hardware development. Meanwhile, the recorded simulation control

scheme can provide an improved method for laboratory testing of vehicles.
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APPENDIX A

THE TIRE MODELS

Details of the four tire models are presented in the following:

A-i. Point Contact Tire Model

The schematic diagram of the point contact tire model is shown in

rigure A-I. The terrain elevation coordinate y is measured positive

upwards from the mean line and is a function of the distance x. The wheel

center motion coordinate y1 is measured positive upwards from the Initial

equilibrium position; i, e., with the tire statically loaded under the vehicle

weight and y - 0. Fv and Fh are the vertical and horizontal components
of footprint force. F and F are the tire forces transmitted to the vehicle

suspension. The principal assumptions of the analysis are:

I. The tire mass is concentrated at the wheel center.

Z. Terrain contact occurs at a single point vertically below the

wheel center.

3. The total footprint force acts normal to the terrain surface at

the contact point,

4. When in contact, forces between the follower and the ground

must be compressive. When the contact force becomes zero,

the follower leaves the ground (wheel hop).
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Figure A-1. Schematic Diagram of Point Contact Tire Model
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5. The tire force-deflection characteristics are represented,

in general, by nonlinear stiffness k and damping b. In

general, k and b can be functions of the tire deflection

and deflection rate.

For arbitrary vertical displacements and velocities y 0 $ Y1 . 10'

the total spring-damper force is

Yst+yo'yl ý01ýl

"F f kdy+f bdy (A-i)

0 0

where yat is the static deflection of the tire under the equilibrium load

W, and jo is the time rate of change of profile elevation seen by tho

follower due to tire motion. yst and j are found from

Yet

j kdy ~W (A- Z)

io V(dy0 /dx) (A-3)

where V is the forward velocity (dx/dt) and (dy /dx) is the slope of the

ground at the contact point.

The vertical footprint force Fv will be equal to F when the

follower is in ground contact (F > 0) or zero when the follower is out

-of contact (F < 0)

Fv F P > 0
(A-4)

SF< 0
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Since the resultant footprint force acts normal to the terra.in, the ore-and-aft force component F. is related to the vertical component F an

follows.

FhIFV = dyo/dx (A-5)

Equations (A-i) to (A-5) determine the footprint forces Fv and Fh. The
tire forces transmitted to the vehicle suspension, Fy and F , are deter-
mined from the equations below.

[ Fy=Fv myI (A-6)

SFx =Fh (A-7)

A-2. Rigid Tread Band Model

The schematic diagram of the rigid tread band model is shown
in Figure A-Z. Comparison with the point contact model of Figure A-i

shows that it is equivalent to a point contact model traversing a modified
terrain profile 7 (x) obtained from the tread band center motion. There-

0
fore, the analymis and equations for the point contact model shown in

the previous section remain unchanged, * and it is only necessary to find
Sthe modified profile 7o(x) in terms of the original terrain profile yo(x)

and the tread band radius r.

Because of the presence of the circular tread band, the terrain
contact point will in qeneral be shifted a distance i fore or aft of the
wheel center as illub,,rated in Figure A-2. From geometry, the tread

band center height y at any location x, is given by
0

+ ryZN (A-a)

*The criterion for wheel hop also remains unchanged, i.e. , when the

j contact force goes to zero, the wheel leaves the ground.
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The criterion for determining i is that, at the contact point,

the slope of the tread band and the terrain profile must be equaL The

terrain profile slope at the contact pointý fi + The .lop
of the tread band at this point is - d (V/rdl')/di. Equating these

two slopes, the condition that must be satisfied at the contact point is

rG- - YO [•oX+ ) + V7 •-7-i 0 (A-9)

Solution of the above equation determines the contact offset distance

in terms of the tire location x and radius r. In general, the roots of

Equation (A-9) will give two values of x corresponding to diametrically

opposite points having equal slope, as shown in Figure A-3. Physically,

contact can only occur in the lower half of the tread band, and for this

point dG/dR will be negative. Solutions of Equation (A-9) can also give

multiple pairs of 'i values implying that the slope condition can be satis-

fied at several points on the lower half of the tread band. In such

cases, the highest value of Y0 (x) found from Equation (A-8) will repre-

sent the physically realizable condition. The other values can only be

satisfied through tread band deformations as illustrated in Figure A-3.

A section of modified profile obtained as described above through wheel

center filtering is included in Figure 7. The original profile from which

the modified profile was derived is also included in this figure.

Thus Equations (A-8) and (A-9) along with the ciiteria for selecting

the physically admissible root allow determination of the tread band center

motion jo (z), which along with Equations (A-l) through (A-7)

constitute the rigid tread band analytical model.

A-3. Fixed Footprint Model

The schematic diagram for the fixed footprint model is shown

in Figure A-4. In this model, terrain contact occurs ever a finite

footprint length L. and the tire stiffness and damping is uniformly

distributed over the contact length. The principal assumptions of the
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analysis are summarized below.

1. The tire mass is concentrated at the wheel center.

2. Terrain contact occura through a footprint of fixed size,

independent of tire deflection.

3. The footprint center is constrained to lie vertically

below the wheel center.

4. The footprint force components act normal to the local
terrain surface.

5. When in contact, the resultant footprint pressure force

must be comproskive, and all parts of the footprint

must contact the ground. When this forcu becomes

zero, the complete footprint leaves the ground.

S6. The tire fore-deflection characteristics are represented,

in general, by nonlinear stiffness and damping uniformly

distributed over the footprint.

For arbitrary vertical displacements and velocities y (R)' y1 .

yo(•)° y1 the total force in the distributed spring-damper elements is

+,12. Y t + o(R) " I

- jk'dy dxJ.- f

+ro b'dy dR (A. 10)
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where y is the (uniform) static deflection of the footprint under the

equilibrium load W. yj(i) is the profile elevation as a function of' the

footprint length coordinate X, and yo(i) is the time rate of change of
profile elevation at any location x within the footprint due to tire forward

motion. yat and y0 (R) are found from

Yat
Sk' Ldy W (A-Il)

0

o 0i (K. . (A- 12)

where V Is the forward velocity and dy 0 (x)/d& is the local slope of the
ground at the footprint location '.

As discussed in Section A-1, for the point contact model, the
footprint force Fv is given by

v F F >0A-.3)

Fv-0 F<O}V)

and

d yo(X)
Fh/F = dx ... (A- 14)

Equations (A- 10)to (A-14) determine the footprint forces Fv and Fh for

the fixed footprint tire model, The tire forces transmitted to the

vehicle, F and F., are determined from the basic tire model equations,

Equations (A-6) and (A-7).
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m1 X h

For the special case of linear stiffness and damping, the fixed

footprint tire model is equivalent to a point contact model having the

same total stiffness and damping (i. e., k = k1L. b = b'L) and travelling

, over a modified terrain profile such that each point on the modified

profile is the mean value of the original profile taken over the footprint,
i.e..,

+ L/Z

[o W { y 0 (x + )d (A- 1S)

This is equivalent to reducing the amplitude of every Fourier component

of the original profile by a factor of Sin(wL/X)/(irL/k) where X is the

wavelength of the component considered. "A section of filtered profile

obtained as described above as included in Figure 7. The original

profile from which this was derived is also shown in the figure.

A-4. Adaptive Footprint Model

The schematic diagram for the adaptive footprint tire model is

shown in Figure A-S. In this model, terrain contact occurs over a

footprint of finite length, which is dependent on tire deflection. Tire

stiffness and damping is uniformly distributed over the angular segment

that includes the contact zone. The principal assumptions of the analysis

are summarized below.

1. The tire mass is concentrated at the wheel center.

Every tread element deforms independently of its neighbors

anid contac - the terrain in the footprint zone. The tire

retains its original shape outside the footprint.
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3. The tire force-deflection characteristics are represented

as follows:

S(a) By a constant inflation pressure pi acting over the
footprint area.

(b) By distributed nonlinear radial stiffness k" and
damping b" to simulate carcass load contributions.

As in the other models. k" and b" can be functions
of the tire deflection and deflection rate.

For arbitrary vertical displacements yO(R), yl, io{i)# Il the

force components d Fh and d Fv due to deflection of a tread element

oriented at an angle 6 to the vertical (initial distance x from the wheel

center) is given by

Pi B rdO

d F (0) d F coo + p• B " dF 0

(A- 16)

dFv(o) --0 dFc< 0

d Fh(0) d Fc ain + p2B dYoi)/d i>rdO

(A-1 7 )

d rh(O) =0 dF < 0
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where

dF k" dy + bd o (A-18)

and

x r Sin O (A-19)

lI Equations (A-1 6 ) and (A-17), the first term represents the carcass

force contribution, and the second gives the inflation pressure force.
In these equations

B - effective footprint width

dYo(i)
-.. local slope of terrain profile at

contact point

6(e) radial deflection of tread element
orionted at angle 0 from vertical

S(0) radial velocity of tread element

due to tire motion.

The radial deflection 6(0) is the sum of the initial deflection

6,t(e) due to the equilibrium load W, and the deflection due to terrain
irregularity o0 (x) and wheel center motion

6(9) 6 .t(a) +[-o(x•) Y, ]/Cogo (A- z

and

6(0) (xv [ +i)] - l /Co.a0 (A -?,l)
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The initial radial deflection 6t(0) at location 9 under the static

vehicle weight is found from solution of the following three simultaneous

equations

+ 00 6

cos0k"dydO + piA W (A-22)

Cos (A- 23)

Yet - r(i - Cos )
6*t(°)O ... Cos a A~4

wherc yet id the equilibrium tire deflection at the footprint center (e 0),

and A is the effective contact area at equilibrium.

The effective tire width B is equal to the effective area divided

by the footprint length,

B = A/2r Sin (A-25)

Finatly, the total vertical and horizontal components of footprint

force, F and Fh' can be obtained by integrating Equations (A- 16) and

(A-.1,71 over the lower half of the tire, whore terrain contact is possible

9 +VI/2

F dFV(o) (A-26)
Tr- /2

9+ irIZ
Fh f dFh(e) (A-Z7[

W/=- t2

The forces transmitted to the vehicle suspension, Fy and F can then

be f3und from Equations (A-6) and (A-7) as before.
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APPENDIX B

THE VEHICLE MODEL

The vehicle model includes all the vehicle components excluding the

tires. The tire model is derived separately (see Appendix A) and the general

tire model variables are converted to the vehicle model variables as shown,

in Table B-i. The vehicle model consists of the following elements: the hull,

the bogie, the front suspension, the middle suspension, the rear suspension,

the front unsprung mass, the middle unsprung mass and the rear unsprung

mass. Theae models are described below.

B-i The Vehicle Body

The vehicle body or hull is shown in Mgigure B-1. It is acted upon

by hcrizontal and vertical forces from the front suspension, bogie con-

vection and frame mounted stops as shown. The forces are assumed to

act in the horizontal and vertical directions in an inertial frame of

reference, and not in the vehicle reference frame.

Two variables, incremental vertical displacement of the hull CG

(Yo), measured from initial equilibrium condition, and the hull pitch

angle (0) defines the position of the hull at any instant.

The equations of motion about the CG are as follows.

Mh Vo -M.I + z (FYZ + Fy3 4 + VFfe +FbB) (1)

8e z F y 34 [L 3 coo 8 + (S3 4 + GO) sin 6]

+ z F [(L - S cos 8+ GGsinO]
fs 3 fB

+ Zb a(L3 + Sb.) co ea + GG ain c]

+ 2 Fx 34  [(S34 + GG) cos 6 - L 3 sin (9

2F 2  (L 2 coe •8GG sin 8) -F 2  (L? sin +CG coa 0) (Z)
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Table B-1. Conversion of General Tire Variables
to the Vehicle Model Variables

Vehicle Model Variables
General

Tire Variable Front Tires Middle Tires Rear Tires

F F 4

Fy Fy2  Fy 3 F1
Fx Fx Fs Fsx

v FV2 Fv3 /2 v4 /2

Fh Fh 2  Fh3 /2 zh4/2

rn M• M5 M

71 YwZ Yw3 Yw4
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The factor of 2 in the above equations appears because identical forces

act on the right and left side of the vehicle, and the forces shown in

Figure B-I (except the weight) are for one side only.

B-Z Bouie

The bogle is pivoted to the hull, so that it can rotate relative

to the hull. The bogie-hull connection is considered to be a frictionless

pin-joint, transmitting only forces and no torques,

The bogie mass and inertia includes those of the leaf springs

and pivot. The middle and rear axle masses are included in the

unsprung mass, and not in the bogie mass.

The freebody diagram (inertial reference frame) of the bogie is

shown in Figure B -2.

The variables which define the bogie position are the vertical

displacement of the bogie CG measured from the initial equilibrium

condition, (Yb)' and the bogie pitch angle (•). The equations of motion

for vertical niotions and rotation about the CG ere

Mb Vb Mb g + 2 (Fy 3 + Fy4 - Fy 34) (3)

lb . (Foy4 a cos 0 + Fsx4 a sin + F3 4  Sb in 5 -

'X34 Sb coo - rsy3 a coo s axin3) (4)

From a horizontal force balance,

FX34 M F x3 + F (5)

Because the bogie pivot ti attached to the hull, the bogie CC

acceleration (Yb) can be expressed in terms of Yo0 e and r. From

Figure B-3,
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b Y+ hin (GG+ s 3 4 ) ( -coo Oe) + Sb (1 coo,) (6)

DiffrertiatingEquation (6) twice

Yb zYO +L 3 (-@ 62in 0+ 6Cos)

+ (S3 4 + GG) (8a cos e + a Bin e)

b+ ( Cosa + ý Bin (7)

The bogie force Fy3 4 can be determined by solving Equations (1) to (4)
along with Equation (7) aimultaneously. This gives

ZXDI XA ZXG- XC 2XH. XF X1

(2xc-XB + 2XH. XE (8)

where
I xA =-�Ag + a (F +Ff. +Fb.)

XB =L 3 cos 49+(S 3 4 + GG) sin ,

XC iF [(L 3 - Sfs) cos 8) + GG sin @] + Fb-

[(L 3 +Sbs)co + GG sin34 [( 3 4 + GO) coo

! ,L•, in ] oo •
3 si - FY? (L? co - GG sin 8) -ý

(LZ ,in a + GG cog e)
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Mb
XD = Fsy3 +Fsy4 z g

J~ Ib Ssin~
XF :F a con + 1 Fo

sy4 +F a sin q5 Fx34 Sb cos

- Fsy 3 a Cos -F 5 3 a sin

XG L 3 coo + S3 4 sin e + GG sin e

XH S.sin
-L e in ecoa& ~ cs

xi. L 3 W si e S34 Cos e+ • • CoO

+ GG 62 coso

J, B-3 The Suspension

There are two pahes of leaf springs connecting the chassis to the

axles. The front pair support the front axle, and along with shock

absorbers form the front suspension. The rear leaf springs support the

middle and the rear axles and form the middle and the rear suspensions.
There are no shock absorbers in the middle and rear suspeniion•. The

suspension spring and damping characteristico are shown in Figure 4.

4 iB-3. I The Front Suspension

The front suspension, shown schematically in Figure B-4,

consists of the leaf spring, modelled as a linear spring with elastic

stops in parallel with dry friction damping, and a shock absorber. The

forces on the suspension are as follows,

y2 Fk? + Fb)f "bZv + "stop 2 (9)
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Direction of Motion PY2

ye

Dry Friction L ii

Da.mping. BU Kz -near I

IDampinig

Elastic Stop*

Fx 4 I Ywz

Flgure 11-4. Freebudy Diagram of Front Suspension

F 8Z



!
FkZ- spring sbifbness force

FkZ : K2 62 (10)

where 6 z Yap + Y (11)

Y " equilibrium suspension displacement

YspZ 2 K2 (L2 + L 3 ) (12)

Ys2 = Yo Lz sin e (13)

Fb2• -dry friction force

AlL(14)
FbZf 7- Fr, K. 1 Y*2 - Ys 12  

ij(4

where Frsf -dry friction factor

(assumed to be 0,05)

6 w2 Y (15)

Y-2 Y L2 cos 8 0 (16)

Fb~v- shock absorber force
F(lv)

b2v B Zv (17)

"where B2 v B2vj for 6 2 > 0

B 2vr for 6 2 < 0

*1W
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FPto Z- stop force

(Yw " Y- " Jna) n K. Yw2 Ysz - jn

F stop 2 0 Rb z < Y < Jn2 (18)

- (YV " Y " Rb 2 ) nK 2  2 " YwZ Rb 28 W2

It should be noted that the dry friction force given by Equation (14)
is approximate. a more advanced model requires simultaneous solution

of several equations and has not been included in this initial formulation.

B-3. Z The. Middle and Rear Suspenslons

The middle and rear suspensions, formed by the bogle leaf
springs are identical. Figure B-5 shnwu the schematic diagram of these

suspensions.

For the middle suspension, the forces are

F (19)F
FF 3 F+ b 3f + Fstop 3 (19)

Fk3-spring stiffness force

Fk3 1363, I

whore 63 Y sp3 + Yw3 - Ys3 (21)

Y equilibrium suspension displacement

ap3 "(Lz + L3) /'8K3
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Direction of Motion Fsy3

jI
IFsx 3 (Fa%4 ) y s3 * s4

-*1
Fstop

r (Fatop 4)
K 33Rb 3

Dry Friction It3 1 Rb3

D3amping. 2B3f

(Fb4d)Da p ng Vb3f Fk3 
- 4

(F ) (F'k4 )

Elastic Stops

iy

SYw3 (Yw4)

*. I , Fsx3 (rox4)

;I/! Note: Terms in ( )
Correspond to Rear
Suspension:,I sy3 (-,y4)

Figure B-5. Freebody Diagram for Middle and Rear Suspensions
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Y 3 "b - a minc• (23)
s3 b

Yb Yo L 3 sin IS + S 3 4 (-coo ) + Sb ( co ) (24)

i Ff; Fr-fdry friction force

3)'

where3 w33(6

Y 3  "'Yb a cos6 (27)

Y + L coos G (28)b u 3

+ S3 4 ai,• e 8+ Sb *s

Fstop 3 -stop force

(Yw3 " Y&3  in 3) U13 1 Yw3 -" Y 3 - 313

Fstop 3 0-Rb<Yw 3  9 < n3  (29)

" (Ys 3 - Yw3 " Rb 3 ) nK 3  u Y 3 - Yw3 > Ib 3

Similarly for the rear suupe ,sion, the forces are

Fy 4  Fk4 + Fb4f + Fstop 4 (30)

KFk4 3 64 K Y (31)

64 Yp 4 + w4 s4 (32)
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UZ + 1 /K(33) I
OP4 L4 (LZ + L 3 ) 34 1/K

Y Yb + a sin4• (34)

Fb4f " %f K3  Yw4 Ys 4 1 64 /I;4I (35)

.4 Y w•4 " s,4 (36)

Y + a co(7,4cos bp• (37)

4 ( " u3 ) nK 3 ; Yw4 s Yg4 > Tn3

Ftp4 0 "Rb3 < Yw Y4 < Jn3 (38)
stop 4 3 w4 s4 3

"(Y&4 "Yw4 Rb 3) nK 3 ' Ys 4 " w4 > Rb3

B-4 The Unsprung Mass

The front unsprung mass (each side) consists of the mass of half

the axle and one front tire, while the middle and the rear unsprung mass
(each side) consist of the mass of half the axle and two tires (because

the rear axles have dual tiree).

j-4.1 Front Unsprung Mass

The free body diagram of the front umsprung mass is

shown in Figure B-6(a). The equations of motion in the vertical and

horizontal directions are

F (39)

-FhZ (40)
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ii

Tire Forces X2 5..-
r I

Susponsion .....
F'orces

FyZ: Fsy3 •y4 R

Unsprung (a) Front Uniprug MalssWeight MZ6I M391 M48f

is rbsa ys 'y4

Fax3 (FyF4 )Fax3(Ysx - •T •,Yw?1 (YW4)

Fh3 (Fh4)

Fv 3 ((V"4)

Notes Terms in( ) cort&pond'
to rear unsprungM mass

(b) Middle and Rear Unsprung Mass

Figure B-6. Froobody Diagrarn of Unuprung Mass
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Acceleration terms are absent in Equation (40) because constant forward

velocity has been assumed.

B-4.2 Middle and Rear Unsprung Mass

The free body diagram of the middle and rear unsprung mass

to shown in nguge B-6(b).

The equations for the rriddle unsprung mass are:

3 Y w 3  "M 3  + E3 Fs3 ""F (41)

FEx3 a F h3 (4Z)

Similarly the equations for the rear unsprung mass are

M 4 - M4 U + Fv4 - 'Fy4 - Fba (43)

Fsx4 " Fh4 (44)

Stop forces Ffs and Fbs are determined as follows:

Gb = Sbs( ) + Stgap - 64 (45)

Cf a Ste (O"4) + Stgap 63(46)

then
Fs 0 Gf > 0

- -Ketopf 1 K3 0 G < hG (47)

•-HIto (af+hs) I 3 + Katop K 3 hs Cf >ha

Fbs- 0 Gb> 0

-bstop b 3 b h (48)

-- Hstop (Gb+hs) K3 + Kstop X3 h5  
0 b> ha

Where K is the stop stifftess factor for bogis-stopstop
and h is the stop stiffness factor for bogie-hull

stop

89



APPENDIX C

VEHICLE RESPONSE PLOTS

A complete set of PSD& of vehicle response obtained from the

4-809 truck simulation are shown in Figures C-i to C-10. The

following symbols are keyed to the various curves.

Square Point Contact Tire Model

Circle Rigid Tread Band Tire Model

Triangle Fixed Footprint Tire Model

Cross Adaptive Footpi-int Tire Model

Power Spectral Densities of Vehicle Force. Motion and

Acceleration for M-809 Truck (Speed- 18 mph, Terrain Roughness -l"rms)

Cg Acceleration C-1

Front Axle Acceleration C-Z

Rear Axle Acceleration C-3

Front Arle Displacement C -4

Middle A.le Displacement C-5

Rear Axle Displacement C-6

Vertical Tire Force (Front) C-7
Vertical Tire Force (Rear) C-8

Fore-and-aft Tire Force (Front) C-9

Fore-and-aft Tire Force (Rear) C-10
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CG FCCLN

Q Point Contact Tire Model

0 Rigid Tread Band Tire Model
j^/1 Fixed Footprint Tire Model

+ Adaptive Footprint Tire Model

0-.

7

". ~Frequency, ho

REDUCEO FREOUENCY -RAUOFT

Figure C-:. Simulated Response CG Acceleration
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FRONT AXLE ACCLN
(3 Point Contact Tire Model

"- 0 Rigid Tread Band Tire Modal

A Fixed Footprint Tire Model

- Adaptive Footprint Tire Model

in

0-

-41

-4

Q,

0

0

Frequenc.y, ha

10 1 10

-0'L tOo 10O'[0

REOUCEoD REOUENCY RFOD/FT
Figure C-Z. Simulated Response - Front Wheel Acceleration
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I.

REAR RXLE ACCLN
•,, 10 Point Contact Tire Model

0 -- Rigid Tread Band Tire Model

Fixed Footprint Tire Model

+ Adaptive Footprint Tire Model

ii 1

i

ej

" ~Frequency, ho

N41 10 100

00

ii_•
'- - O

10 
10 100

REOUCED FREOUENCY - RAIO/FT

SFigure C-3. Simulated Response - Rear Wheel Acceleration
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FRONT AXLE OISPLN
Jý CI Point Contact Tire Model

0 Rigid Tread Band Tire Model
,] Fixed Footprint Tire Model

+ Adaptive Footprint Tire Model

0 '.1

w-4 4

"I, 2-0

01

.. .. .| ... . . .. ... .. , h,

RDUCEFcCREOUENCY - RAO/FT

Figure C-4. Simulated Reaponse - Front Wheel Displacement
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I
MIDODLE AXLE DTSPLN

0 0 Point Contact Tire Model

o Rigid Tread Band Tire Model

". 0 Fixed Footprint Tire Model

+ Adaptive Footprint Tire Model

H0

S.2'

0

C).

!'4 .

0 Frequency, ha

1 10 100
0 I I T I I I' I _TT .

10 10' 1.00
RELUCE0 FREOUEfNCY - RAO/FT

Figure C-S. Simulbited Ikesponme - Middle Wheal Displacement
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i REAR RIXLC DTSPLN,
RLARC PointOI PL Contact Tire Model

0 Rigid Tread Band Tire Model
A"/ Fixed Footprint Tire Model

- .4 Adaptive Footprint Tire Model

0
I -

0S0,

-
C

01 Frequency, hz
1 10 100

-4 1 t -Y'rT'rl -- -1 7--T -r7T1TT T---r t-r

o t00 10 10'
REDUCED FREOUCNCY - RF•/I7T

Figure C-6. Simulated Response - Rear Wheel Displacement
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F

FRONT TIRE FORCE (VERTICAL)

0 D_ Point Contact Tire Model
i O Rigid Tread Band Tire Model

•a Fixed Footprint Tire Model

+ Adaptive Footprint Tire Model

0-i 1

Co

E-4

0
C:)

"C),

- Frequency, hz

1 10 100
C I, T -1

""10to 10, .O 101

REDUCOEO F-RE-GUE!NCY RAOIF'T

Figure C-7. Simulated Response - Vertical Tire Force (Front)
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REAR TIRE FORCE (VER•i•nc )

0 Point Contact Tire Model
0 Rigid Tread Band Tire Model

L Ž Fixed rootprint Tire Model

"+ Adaptive Footprint Tire Model

0-

0*

Ca.

N 0-

4.-

Frequency, hz

2 10 100

10 10 10

Figure C-8. Simulated Response - Vertical Tire Force (Rear)
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V
FRONT TIRE FORCE (FORE-AND-AFT)

0 D Point Contact Tire Model

o Rigid Tread Band Tire Model

4ný Fixed Footprint Tire Model

+ Adaptive Footprint Tire Model

L-4

Frequency, hz

REOUCED FREODUENCY -R9D,/FT

Figure C- 9. Simulated Response - Fore-and-Aft Tire Force (Front)
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IREAR TIRE FORCE (oRE-AND-Am)
VI U Poi•Ut Contact Tire Model

o0 Piid Tread band Tire Model

| TcFixed Footprint Tire Model

+ Adaptive Footprint Tire Model

Ilk

Frequency, ha
ll• lop

,•,I ,,[..UCEO F'RE]1LIENCY R H 0iFT

Figure C-10. Simulated Response - Fore-and-Aft Tire Force (Rear)
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A t rwain-tire-vehicle model needed to simulate vehicle motion is
developed. The vehicle selected for the model is a typical throe axle
military trUck. The tire& are represented by any of these independently
developed models: point contact model, rigid tread band model, fixed
footprint model aud adeptive footprint model. A comparison of the analytical
and the field test results demonstrates that the vehicle motion is adequately
slmuiated, particularly when the adaptive footprint or the fixed footprint
tire .ad1 isemployed.

The control system developed for storing the axle displacement records
and playing theor back incorporates a minicomputer, disc memory and input.
output peripherals. Spectral densities of the shaker Input signals generated
by the control system agree well with those obtained from the test results,
thereby verifying ability of the recorded simulation control scheme,
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